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We report the optical perturbation of atomic arrangement in the layered GcTc/Sb2Tc3 phase change memory 
material. To observe the structural change, the coherent Ai mode of GcTe4 local structure is investigated 
at various polarization angles of femtosecond pump pulses with the fluence at < 78 /iJ/cm 2 . p-polarization 
found to be more effective in inducing the Ai frequency shift that can be either reversible or irreversible, 
depending on the pump fluence. The predominant origin of this shift is attributed to rearrangement of Ge 
atoms driven by anisotropic dissociation of the Ge-Te bonds along the [111] axis after the p-polarized pulse 
irradiation. 

PACS numbers: 78.47.J-, 63.22.Np, 63.20.kd, 
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The irradiation of intense femtosecond laser pulses into 
opaque materials has led to ultrafast phase changes due 
to the photo-excitation of electrons from bonding into 
anti-bonding states 1-3 . This phenomenon has widely 
been accepted as an electronic excitation induced phase 
transition (or electronic melting) due to strong perturba- 
tion of bonding nature, which has also been extensively 
reported in a variety of narrow band-gap semiconductors, 
such as Si 4 , GaAs 5 , Ti 2 03 6 , carbon nanotubes 7 and of 
semimetals, such as Bi 8 and graphite 9 . Most of the exper- 
imental and theoretical studies have been carried out un- 
der the irradiation of amplified femtosecond laser pulses, 
whose fluences of more than several mJ/cm 2 . 

Electrical and optical phase-change memory technolo- 
gies utilizing phase change between amorphous (dis- 
ordered) and crystalline (ordered) phases consisted of 
Ge2Sb2Te5(GST) have been extensively used in commer- 
cial applications, such as DVD, Blu-lay disk, and electri- 
cal memory 10 . One of the benefits of using GST as such 
the applications is more than 10 % contrast in optical 
(reflectivity) and 10 3 contrast in electronic (resistivity) 
properties upon the transformation between the disor- 
dered and ordered phases induced by lattice heating with 
nanosecond optical or electrical pulses 10 . However, the 
physical origin of the high contrast in optical and elec- 
trical properties upon the phase change has long been 
debated 11 . A recent ellipsometric study revealed the sig- 
nificant difference in the electrical and optical proper- 
ties originated from resonant bonding, 12 realized by long- 
range atomic order 13 . In GST materials, therefore, ultra- 
fast laser perturbation of atomic arrangement presuming 
on bond energy hierarchy 14 is expected to be a possible 
method for ultrafast switching between the ordered and 
disordered phases. 

In the last decade, the phase change in GST mate- 
rials induced by pico- or femtosecond laser pulse irra- 
diation has been extensively investigated 15-17 , and sug- 
gested that threshold fluence for the phase change be- 



tween the crystalline and amorphous phases was several 
tens of mJ/cm 2 . Since during such the laser- induced 
phase change in GST, lattice heating generally happens, 
in which most part of the energy absorbed is lost due 
to thermal diffusion, making such the high threshold flu- 
ence. Limited studies have been reported on the low 
threshold (e.g., ~ /zJ/cm 2 ) phase change in GST sys- 
tems. 

In this Letter, we present a polarization dependent 
optical perturbation of atomic bonding in multilayer 
GeTe/Sb2Te3 superlattice (SL) thin films using a low 
fluence pump-probe technique. Recently, lower current 
switching of the multilayer Gc-Sb-Te phase change mem- 
ory (PCM) has been reported 18 . Due to the low phase 
change switching energy, it would be possible to re- 
duce the fluence of femtosecond pulse when we con- 
sider the optical perturbation of atomic arrangement 
in the GeTc/Sb2Tc3 memory materials. In fact, we 
have recently reported the low fluence and ultrafast 
phase switching in GcTc/Sb2Tc3 SL using double pump 
pulses, 19 in which the main player was the selectively ex- 
cited coherent vibrational motion of the local mode of 
GeTe4. On the other hand, significant dependence of po- 
larization angle of pump pulse is expected because of the 
SL structure 20 . As we expected, by precisely tuning the 
polarization angle of the pump beam at < 78 /zJ/cm 2 , 
the frequency of a local vibrational motion observed in 
GeTe/Sb2Te3 SL significantly red-shifts from the charac- 
teristic value in the disordered phase toward that of the 
ordered phase. We attribute the polarization dependent 
red-shift to the modification in equilibrium position of Ge 
atoms resulting from anisotropic photo-excited carriers. 

Figure 1 illustrates the schematic view of our experi- 
mental setup and structure of the sample. The samples 
used in the present study were thin films of disordered 
(amorphous) GeTc/Sb2Tc3 SL fabricated using a helicon- 
wave RF magnetron sputtering machine on Si (100) sub- 
strate. The thickness of the films was 20 nm 21 . Time- 
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FIG. 1. (color online) Schematic of the polarization- 
dependent pump-probe experiment. 9 represents the angle 
from the surface parallel; 9 = 0° means the pump beam is 
s-polarized, while 9 = 90° means p-polarized. Schematic of 
the structure of GeTe/Sb2Te3 SL is shown in the magnified 
view. Ge atoms are green, Te atoms are tan and Sb atoms 
are purple. 



resolved pump-probe reflectivity measurements were per- 
formed utilizing a near-infrared optical pulse with 20 fs 
duration and a center wavelength of 850 nm generated 
by a Tksapphire laser oscillator. The linearly polarized 
pump and probe pulses were focused onto the sample 
surface by a 33.85 mm focal length 60°-off-axis parabolic 
mirror. The excitation of the GcTc/Sb2Tc3 SLs with the 
850 nm (= 1.46 eV) laser pulse generates photo-carriers 
across the narrow band gap of ps 0.5 - 0.7 eV 22 . The 
average power of the pump beams was 3 or 15 mW while 
that of probe beam was fixed at 0.5 mW, and we esti- 
mated the pump fluence to be 16 or 78 /xJ/cm 2 and the 
probe fluence to be 3 /xJ/cm 2 , respectively. The tran- 
sient reflectivity change of the probe pulse (AR/R) was 
recorded as a function of the pump-probe time delay (t) 
at room temperature. As derived from the two tempera- 
ture model (TTM) 23 , in which the heat capacities of the 
electron and lattice sub-systems are included, the pump 
fluence of 78 ^J/cm 2 would induce the increase in the 
lattice temperature of only < 10 K, and thus it signi- 
fies that accumulative thermal effect should be negligi- 
bly small, and the excitation is below the threshold of 
thermal crystallization 18 . 

In our sample, as shown in the right hand side of Fig. 1, 
the phase change is dominantly characterized by the dis- 
placement of Ge atoms at the angle of 45° to the sample 
normal ([111] direction of the local structure), and there- 
fore, oblique incident p-polarized light can effectively ex- 
cite the atomic bonds along the [111] direction 24 . The 
incident angles of the pump and probe pulses were ps 50° 
and ps 40° from the surface normal, respectively. The 
polarization angle of the pump pulse (6) was varied from 
0° to 90° (p-polarization) and then changed to 180° (s- 
polarization) by manually rotating the half-wave plate 
with every several minutes of the data scan, while that 
of the probe pulse was kept at 90°. The amplitude of 



the coherent lattice displacement (modulation of Ge-Te 
bond length) estimated from the maximum excited car- 
rier density of 5.3xl0 19 cm~ 3 is ~ 2.6xl0~ 4 nm, 25 which 
is only ps 10~ 3 of the Ge-Te bond length found in GST al- 
loy (0.26 nm). This signifies that there is no anharmonic 
phonon softening in the present condition 8 . 
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FIG. 2. (color online) (a) Time-resolved AR/R signals and 
(b) the corresponding FT spectra measured with the pump 
fluence of « 78 /ij/cm 2 and 9 = 0°, 50° and 90°. Here, 9 = 0° 
corresponds to the s-polarization, while 9 =90° corresponds 
to the p-polarization. Dashed lines indicate central frequen- 
cies of peaks for 8 = 0° and 8 = 90° , respectively. 

Figure 2(a) summarizes the transient reflectivity 
change (AR/R) for three different 8s as a function of r for 
GeTe/Sb2Te3 SL films measured with the pump fluence 
of «78 /xJ/cm 2 . Just after r = 0, coherent oscillations 
appear, which dominate over the electronic response due 
to the generation of photo-excited carriers. The Fourier 
transformed (FT) spectra obtained from Fig. 2(a) are 
displayed in Fig. 2(b), in which the local Ai mode of 
GeTe4 at ps 3.8 THz is mainly observed and focused in 
the present study 26-28 . By increasing 9 from 0° to 90°, 
a red-shift as well as the enhancement of the intensity of 
the Ai mode of GeTe4 is observed. By using the formula 
of Fresnel reflection, we confirmed that the enhancement 
in the phonon intensity is dominantly a consequence of 
the difference in reflectivity when varying the polariza- 
tion angle at the sample surface. With respect to the red- 
shift of the Ai mode (from ps 3.80 to ps 3.70 THz), how- 
ever, we cannot attribute this shift of ps 0.1 THz to the 
simple phonon softening because we previously reported 
that the red-shift was only 0.04 THz even when excita- 
tion fluence was increased from 47 to 284 fiJ/cm 2 with 
tenfold increase in phonon amplitude 19 . Therefore, it is 
supposed that the red-shift observed in Fig. 2(b) origi- 
nates from the rearrangement of atoms, e.g., the change 
in equilibrium position of Ge (and surrounding atoms), 
as discussed later. 

To obtain deeper insights into the nature of the ob- 
served ^-dependence of the Ai mode frequency, the pump 
polarization angle dependence of the center frequency of 
the coherent local Ai mode of GeTe4 is displayed in Fig. 
3. Here, the center frequencies are extracted from the 
FT spectra by fitting to a Lorenz function with the best 
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FIG. 3. (color online) The polarization dependence of the 
frequency of the coherent local Ai mode of GeTe4 measured 
a t ^ 9 5= 180°, with the pump fluence of 16 and 78 /iJ/cm 2 . 
The solid black lines are guides for the eyes. 



accuracy of 0.01 THz. Although Raman measurements 
have observed phonon spectra of GeTe 29 and GST 30 , the 
lincwidth of the Ai mode in Raman spectra was broader 
and the frequency resolution would not be good enough 
to resolve the 0.01 THz shift. Thus, more accurate analy- 
sis on the frequency shift in the relatively lower frequency 
region was possible in the coherent phonon spectroscopy, 
as demonstrated by Ishioka et aP. At the lower limit of 
the pump fluence (16 /xJ/cm 2 ), the Aj mode frequency 
is softened from « 3.80 to w 3.74 THz when 8 is changed 
from 0° to 90°, followed by the hardening of the Ai mode 
frequency when 8 is changed from 90° to 180°. At the 
highest pump fluence (78 /iJ/cm 2 ), on the other hand, it 
is softened from « 3.80 to w 3.70 THz when 8 is changed 
from 0° to 90°, but never comes back to the original 
value even when 8 is changed to 180°, suggesting that 
excitation with the p-polarized pump pulse induces both 
reversible and irreversible changes of phonon frequency, 
which is controlled by the pump fluence. 

The phonon relaxation time obtained by the fitting of 
the time-domain data in Fig. 2(a) with a damped har- 
monic oscillation increases from 0.68 to 1.04 ps as the 
polarization angle is rotated from 0° to 90° (not shown). 
Given the fact that lattice heating generally induces the 
red-shift of the frequency and decrease in the relaxation 
time for coherent optical phonons 31 , the observed effects 
that the phonon frequency decreases, while the relaxation 
time increases cannot simply be explained by lattice heat- 
ing by the pump pulse. Instead, optical perturbation of 
local atomic arrangements would be the main origin of 
the observation in Fig. 3. Because the lowest value of « 
3.70 THz corresponds to the Ai mode frequency in the or- 
dered phase 19,27 , the highest pump fluence (78 /zJ/cm 2 ) 



with p-polarization could induce atomic rearrangement 
in GeTe/Sb 2 Te 3 SL from tetrahedral-like (GeTe 4 ) to 
octahedral-like (GeTee) coordinations, if we refer the um- 
brella flip model as the dominant mechanism 11 . Note 
that, a series of experimental data with 0° ^ (8) ^ 180° 
was taken by multi pulse shots on the same irradiated 
exposure area. Thereafter, the irreversible phase change 
observed with higher fluence may be influenced by the 
accumulation of laser shots. This should be a subject of 
further study, by taking the rate of the phase change per 
laser shot into consideration 32 . A single shot measure- 
ment using lower repetition rate femtosecond laser will 
be useful for that purpose. 

We discuss why the p-polarized pump pulse induced 
local atomic arrangement based on the phase change 
model. The p-polarized pulse excitation would gener- 
ate stronger anisotropic photo-excited carrier distribu- 
tion in the [111] direction, along which weaker Ge-Te 
bonds arc aligned, than in the case of the s-polarized 
pulse excitation 24 . Here, we assume that weaker Ge-Te 
bonds are the bonds that are broken during the displace- 
ment of Ge atoms due to the bond energy hierarchy. Af- 
ter that, the anisotropic carrier-phonon interaction 33 (via 
e.g., deformation potential) along the Ge-Te line results 
in the displacement of Ge atoms from tctrahedral site to- 
ward octahedral site. The estimated atomic displacement 
of the 2.6xl0~ 4 nm (w 10~ 3 of the Ge-Te bond length 
) seems not large enough to induce the observed phase 
change, thereby, the displacement should be enhanced 
when exciting with p-polarized pulse. Note that another 
pathway 34 of phase change in GeTe/Sb2Te3 SL was also 
presented in Ref 18 . In short, the phase change was char- 
acterized as small displacement of Ge atoms along [110] 
direction. However, this pathway cannot explain our re- 
sults in Figs. 2 and 3 well. 

To check if our observation is not a general phe- 
nomenon, wc measured the polarization dependence of 
the Ai mode frequency in the amorphous GST alloy films 
and found that the polarization dependence of the Ai 
mode frequency was not clearly resolved, although the 
small enhancement of the Ai phonon amplitude was ob- 
served as in the case of GeTe/Sb2Te3 SL. Also, the coher- 
ent Ai g mode of Bi (0001) single crystal was measured 
under the same condition, and confirmed that there was 
no frequency red-shift when the pump polarization was 
varied. In fact, the pump fluence presented here is so 
low that phonon softening would not be observed in bulk 
semimetals 8 . 

Finally, we demonstrate the phase switching by repet- 
itively changing the polarization angle of the pump pulse 
below the threshold of the irreversible phase change (16 
/iJ/cm 2 ) as shown in Fig. 4. The frequency of the lo- 
cal Ai mode follows switching between «3.80 THz (p- 
polarized) and «3.74 THz (s-polarized). This means that 
polarization-induced modulation of the equilibrium posi- 
tion of Ge atoms can be achieved by using linearly po- 
larized optical pulse irradiation. It is to be noted that 
the phase characterized by the 3.74 THz frequency would 
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FIG. 4. (color online) Frequencies of the coherent local Ai 
mode obtained by the sequence of the p-polarized and s- 
polarized pump pulse at 16 ^J/cm 2 , which demonstrate the 
repetitive switching between the two phases. The horizontal 
axis indicates the polarization states. 



be a kind of long-lived intermediate ('hidden') phase be- 
tween the disordered and ordered phases 35 , which can be 
observed only when using electronic excitation 14,19 . The 
detailed dynamics of the structure of the hidden phase in 
GST superlattice will be observed by using a femtosec- 
ond x-ray diffraction measurements, which is beyond the 
scope of the present paper, but we will try to do such 
experiment in the future. 

In conclusion, we have demonstrated bond-selective ex- 
citation in GeTe/Sb2Te3 SL by linearly polarized optical 
pulse excitation. The observation of coherent local vi- 
brational motion has been carried out with various pump 
pulse polarization. When the polarization of the pump 
pulse was purely p-polarization, not only the increase in 
the phonon intensity but also the decrease in the phonon 
frequency, which can be attributed to the rearrangement 
of Gc atoms, were observed, over the sufficiently lower 
pump fiuence range below 78 /iJ/cm 2 . We found that re- 
versible and irreversible phase change can be introduced 
in GeTe/Sb2Te3 SL depending on the pump fiuence. The 
results obtained here will be important for the applica- 
tion of GeTe/Sb2Te3 materials as ultrafast and power 
consumption optical data storage devices. 
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